Magnesium alloys have gained increasing interest in the past years due to their potential as implant materials. This interest is based on the fact that magnesium and its alloys are degradable during their time of service in the human body. Moreover magnesium alloys offer a property profile that is very close or even similar to that of human bone. The chemical composition triggers the resulting microstructure and features of degradation. In addition the entire manufacturing route is having an 2 influence on the morphology of the microstructure after processing. Therefore composition and manufacturing route have to be chosen carefully with regard to the requirements of an application. This paper will discuss the influence of composition and heat treatments on microstructure, mechanical properties and corrosion behaviour of cast Mg-Gd alloys. Recommendations will be given for the design of future degradable magnesium based implant materials.
Introduction
The increased interest in magnesium and its alloys as degradable material for implants led to numerous publications in this field . Alloys like AZ91, AM50, LAE442, WE43 etc have been under investigation. Standard tests were applied and also mechanical properties and corrosion behaviour are evaluated under standard conditions and in simulated body fluids. From these tests the conclusion is drawn that these alloys are potential implant materials. This practice seems to be questionable to some extend due to the fact that in most cases the discussion is not considering all alloying elements and common impurities with regard to their interactions with cells.
In most cases standard commercial alloys contain more components than the designation is showing [23] [24] [25] [26] [27] [28] [29] . Almost any aluminium containing commercial magnesium alloy is also containing manganese in the range of 0.4-0.6 wt.-%. Even silicon is allowed in an amount up to 0.3 wt.-%. In general impurities may sum up to a total content of up to 0.3 wt.-% and very often these impurities are not listed in detail or not even analysed. Moreover the composition is even more complicated when it comes to magnesium alloys that contain rare earth elements. The E in the designation of a number of magnesium alloys is representing rare earth elements (REE) in total (yttrium is having an own designation letter, W). In the standard practice of alloying Mg with REE so called hardeners are widely used. These are basically master alloys which contain a major REE like cerium or neodymium and almost any other REE in different amounts up to 25 wt.-% 29 . Especially when the alloy compositions are carefully contemplated it is obvious that in the case of REE containing magnesium alloys the influence of the entire group of REE is not thoroughly considered. In general in the case of standard alloys of the AZ, AM, WE and LAE series the impression is left that these materials have been simply selected because they are available.
For standard magnesium alloys the different alloying elements have been introduced for certain reasons. Due to the use of magnesium alloys as constructional materials quite often mechanical properties are standing in the first place of consideration. E. g.
in the case of Al as alloying element it can be used both for solid solution strengthening and for precipitation hardening which are useful when the yield stress needs to be improved [24] [25] [26] [27] [28] [29] [30] . However, almost any strengthening is also having a detrimental influence on the ductility. With regard to the Mg-Al phase diagram it is also obvious that Al lowers melting and casting temperatures 31 . Therefore the use of Al has also an influence on the processing route. In consequence both the alloying elements and processing parameters are influencing the formation of the microstructure which is responsible for the application relevant properties. Similar considerations can be made for other alloying elements. .
Strength is often regarded as a critical property especially for a mechanical engineer.
But it is not the only property that has to be considered 19, 28, 30 . Ductility, elastic moduli, corrosion behaviour under service conditions, rate of degradation (if applicable), toxicology amongst others are also part of the property profile which is basically influenced by the alloy composition and obviously by the different processing steps applied before a component is ready e.g. as a functional implant.
The different properties that are required for an implant require also a vast number of different methods to determine them. This needs a highly interdisciplinary approach and interaction of specialists from different fields of research 19 .
A number of cast Mg alloys containing gadolinium and additional REE have been investigated recently . These investigations showed that Gd can be used to adjust mechanical properties in a wide range with regard to alloy composition and heat treatments due to its large solubility of 23.49 wt.-% at the eutectic temperature and the formation of intermetallic phases like Mg 5 Gd (figure 1) 31 . As a single alloying element Gd is present in solid solution and it can be used in a concentration dependent manner to contribute to precipitation strengthening. Although many authors state that gadolinium is highly toxic, the acute toxicity is only moderate. The intraperitoneal LD 50 dose of GdCl 3 was 550 mg/kg in mice 53 GdNO 3 induced acute toxicity in a concentration of 300 mg/kg (mice) and 230 mg/kg in rats, respectively 54 .
Tests regarding the cytotoxicity of Gd on osteoblast like cells showed that it could be a suitable element to design Mg-Gd based implant materials for medical applications 55 . Additionally, evidence is rising that many rare earth elements exhibit anticarcinogenic properties, which could lead to multifunctionailty of the designated alloys [56] [57] [58] [59] . On the other hand it is also known that Gd based contrast agents are widely used in magnetic resonance imaging (MRI) as contrast media [60] [61] [62] . However, there are indications that Gd-ions released by transmetallation can induce nephrogenic systemic fibrosis in patients with renal failure, but not in healthy patients 63 . Despite that this would be a noteworthy problem in e.g. vascular applications Gd has also been observed to have a certain retention rate in bone prior to redistribution to spleen and liver 64 . With regard to this retention and the careful alloy design concerning the corrosion rate it can be envisaged that the release of Gd-ions could be controlled such that it would not evoke systemic effects. In this paper binary MgGd alloys will be investigated to determine the influence of different amounts of Gd and of subsequent heat treatments on microstructure and properties.
Materials and Methods
For the present investigation Mg-2 wt.-%Gd, Mg-5 wt.-%Gd, Mg-10 wt.-%Gd and Mg-15 wt.-%Gd were used. High purity magnesium was molten in mild steel crucibles under protective atmosphere (Ar + 2 % SF 6 ). Gd was added as a pure element at a melt temperature of 750 °C. The melt then was stirred for 30 min with 200 rpm to avoid settling of Gd prior to casting. The melt was poured into preheated mild steel moulds (550 °C) to produce plates (300 mm x 210 mm x 30 mm) for further investigations. The mould is made up from two mirror inverted halves including the gating system. Figure 2 shows the schematic sketch of one half of the mould. To assure cleanliness of the cast ingots a filter (Foseco SIVEX FC) has been used.
All materials were investigated in the as-cast condition (F) and after solutionising (T4) and artificial ageing (T6) heat treatments 65 . For the T4 treatment a temperature of 525 °C was chosen and the specimens were annealed for 24 h. A water quench of the specimens followed immediately after the heat treatment. Ageing at 250 °C for 6 h was done for the T6 treatment on specimens that also have been solutionized for T4 conditions.
To investigate the microstructure all materials were grinded, polished and etched according to Kree et al. 66 . For the phase analysis X-ray diffraction (XRD) measurements were performed using a Bruker D8 Advance (Bruker AXS, Karlsruhe, Germany). The samples were investigated in parallel beam geometry, using Cu-Kα1 radiation (wavelength λ = 0.15406 nm). The X-ray diffractometer with a line focus is equipped with a Göbel mirror and a 1mm slit on the primary side. Because of the reflectometry stage of the diffractometer, the samples were aligned exactly at the goniometer centre. On the secondary side, there are a 0.6 mm backscattering slit and a 0.2 mm detector slit. from the load-deformation curves using the testXpert® software package from Zwick.
The corrosion resistance of the alloys was investigated by immersion tests in standard eudiometer set-ups with a total volume of 400 ml and a resolution of 0.5 ml.
The tests were performed in aerated 1% NaCl solution (starting pH 6.5, 21.5+/-0.5°C, without agitation). The specimens with dimensions of 11 mm x 11 mm x 11 mm were prepared by grinding each side with 1200 grid emery paper and degreasing the surfaces with ethanol prior to corrosion testing. The hydrogen evolution as an indicator of the corrosion rate was monitored after certain time periods. The average corrosion rate of each specimen at the end of the tests was calculated in mm/year by converting the total amount of collected hydrogen into material loss (1 ml H 2 gas = 0.001083 g dissolved Mg) and using the following equation (weight change Δg in g, surface area A in cm 2 , time t in hours, density of the alloy ρ in g/cm 3 ):
This corrosion rate was cross checked by measuring the weight of the specimens before and after the corrosion test. The latter was done after cleaning and removal of 8 all corrosion products in chromic acid (180 g/l, 20 minutes immersion at room temperature).
Statistics were performed using the SigmaStat software package (Systat software GmbH, Erkrath, Germany). Standard analysis comparing more than two treatments was done by using the one-way ANOVA (all pairwise comparison). Depending on the data distribution either a one-way ANOVA or an ANOVA on ranks was performed.
Post-hoc tests were Holm-Sidak or Tukey, respectively. Statistical values are indicated at the relevant experiments. In figure 4b the white particle 1 is chosen as an example for the first type of particles.
Results

Alloy Composition and Microstructure
It is extremely rich in Gd (83.5 at-.%) and contains additionally some Mg (13.4 at.-%) and O (3.1 at.-%). It shows a very regular blocky shape. Grey particles like particle 2 can be found very often (figure 4c). The EDX analysis of this particle indicates that it is rich in Mg (86.3 at.-%) and Gd (12.7 at.-%). It also contains some O (1.0 at.-%). In the microstructure additional small particles like particle 3 were found which are rich in Mg, Gd (figure 4d). Both elements are present at almost the same level. Moreover an amount of more than 12 at.-% oxygen is present in particle 3.
The eutectic phase Mg 5 Gd can be observed at grain boundaries in all as-cast samples. These particles have a size in the micrometer range (figure 5a). After T4 treatments most of these particles dissolve but some still remain (figure 5b). The subsequent T6 treatment leads to the precipitation of very fine particles in a nanometer scale (figures 6a and 7a) in all alloys exept for Mg2Gd. The selected area diffractions (figures 6b and 7c) indicate that these fine precipitates are the metastable phases β' and β'' after ageing. The β' phase is homogeneously distributed over the matrix (figure 7a and b). β'' can only be observed in limited areas. It has a crystal structure that is similar to those of Mg. β'' is completely coherent with the matrix of magnesium alloy. The lattice parameter a of β' is twice that of Mg. β' has a c-based centred orthorhombic structure (a = 0.641 nm, b = 2.223 nm, c = 0.521 nm).
In the as-cast Mg-Gd alloys, the grain size decreases with increasing the content of Gd (figure 8). After solutionising or T6 treatments the grain size increases especially for the alloys with less than 10 wt.-%Gd. However, for the alloy with 15 wt.-% Gd, the grain is really stable during heat treatments. is showing a behaviour that is almost comparable to Mg2Gd in the trend. In the T4 state TYS and UTS are significantly reduced. Differences in the values for elongation were not significant. But as mentioned before, the increasing amount of Gd improves strength but reduces ductility when both alloys are compared. Mg15Gd is presenting the highest values for the TYS and the UTS but also the smallest ductility El. The T6 treatment led to significant increases in TYS and UTS.
Mechanical Properties
Like in tension a similar trend can be observed in compression tests as well regarding the amount of alloying elements. An increase of Gd leads to an increase of compressive yield strength (CYS), ultimate compressive strength and a decrease of the deformation in compression (Compr). For Mg2Gd the T4 and T6 heat treatments are not changing the UCS significantly. The CYS is significantly lowered by the T4 treatment and can be increased again during the T6 treatment to a significantly higher level than in the F state. The deformation in compression can be regarded as similar for all conditions. Mg5Gd is having slightly better values for CYS, UCS and also for the deformation in compression. The UCS is significantly lowered in the T4 and T6 condition, while the decrease of te CYS is only significant in the T6 treated condition. Mg10Gd follows the trend with increasing values for CYS and UCS compared to the previous alloys. The T4 treated specimens is lowering CYS and UCS significantly, the T6 treatment can reveal these properties to values that are comparable to the F condition. It is also interesting to see that the deformation in compression is almost comparable in every state. Mg15Gd shows the highest CYS and UCS values compared to the other alloys. Like before the T4 treatment leads to a significant decrease of CYS and UCS and is slightly improving the deformation in compression. Maximum values are obtained in the T6 treated Mg15Gd but to the expenses of a highly significant reduced deformation in compression.
For the bulk modulus K the heat treatments exhibited no significant influences.
However, increasing the amount of Gd leads to an increase in K. K is 33.3 ± 9.1 GPa, 38.7 ± 8.1 GPa, 41.0 ± 5.7 GPa, 42.5 ± 3.4 GPa for Mg2Gd, Mg5Gd, Mg10Gd, Mg15Gd, respectively. Significant differences were determined by ANOVA for Mg10Gd (Mg10Gd vs. Mg2Gd: t=2.970, p<0.005) and Mg15Gd (Mg15Gd vs
Corrosion Behaviour
The corrosion rates (CR) were determined by calculations based on the hydrogen formation and the weight loss. Figure 10 shows the corrosion behaviour of the Mg-Gd alloys in the F condition. With increasing amounts of Gd up to 10 wt.-% the corrosion rate is decreased. Higher Gd values like in the alloy Mg15Gd lead to a drastic increase in the corrosion rate.
Discussion
Alloy composition and Microstructure
The analysis of the Gd content showed that the real compositions are generally a lower content compared to the nominal composition. A loss of 10 % of REE during melting and casting was already reported 24 . This loss of alloying elements is a well known phenomenon and is called "melting loss" 70 . As reported in the experimental section the melt was stirred after adding the Gd. Moreover a melt temperature of more than 700 °C has to be regarded as critical for the protective gas SF 6 because its efficiency is reduced at these temperatures 29 . Due to interactions of alloying elements with the environment and components of the protective gases a certain amount of Gd can react. This leads to the formation of an oxide Gd 2 O 3 which has a higher density (7.41 g cm -3 ) compared to the Mg alloy melt (1.54 g cm -3 ) 25 . During casting the used filter can remove these oxides. But due to the fact that the filter is still relatively coarse some particles like oxides or even pure remaining alloying elements can be transported into the castings ( figure 4b and c) . conditions. The present ageing temperature and time cannot meet the requirement by the precipitation of this phase from the view of thermodynamics and kinetics. In WE alloys the formation of equilibrium phase Mg 5 Gd need more than 2000 hours when they were aged at 250°C 79 . This indicates that it is difficult to precipitate the equilibrium phase Mg 5 Gd. Vostry et al. also reported that the precipitates are mainly β' phase in Mg15Gd alloy when it was aged less than 25 hours 80 . They further indicated that the metastable β' phase is responsible for the peak hardening in MgGd alloys. The present Mg15Gd alloy with T6 treatment was aged at 250°C only for 6 hours. Consequently, only the metastable phase β' (with little β'' phase) can be observed in the aged Mg15Gd alloy. There is no evidence of β'' because its amount is below the threshold level for the detection by XRD.
With respect to the fact that intermetallic phases consisting of Mg and Gd have been observed in all alloys in the metallographic investigations the XRD measurements can be explained in a way that the amount of intermetallic phases or oxides for the alloys with less than 15 wt.-% Gd is below the detection threshold level of 1-2 % 71, 72 .
But with regard to the fact that a fairly large amount of precipitates can be seen this explanation is not fully satisfying.
The Cu-Kα1 radiation can also be used to explain that Mg 5 The electron beam used for the analysis interacts not only with the surface that is investigated but also with the bulk material to a depth of a few microns 73 . A scatter has not been determined due to the uncertainty of the composition in the electron beam interaction volume. In the case of Mg and an acceleration voltage of 15 keV the penetration depth is in the range of a few microns. In general the particles are to small and in almost any case the matrix in the electron interaction volume is influencing the measurement. Therefore a certain amount of Mg in the particles detected by EDX measurements is coming from the matrix itself.
In figure 4b a particle is shown that contains mainly Gd (83.5 at.-%), some Mg (13.4 at.-%) and O (3.1 at.-%). The Mg content is assumed to originate from the bulk material which is also having a typical content of O in the range of 0.5 at.-%. In particle 1 the O content is significantly higher compared to the matrix. When the melt was prepared it was stirred after addition of Gd and additionally the melt temperature was adjusted to 750 °C. SF 6 is not fully efficient at this melt temperature. This allows oxygen to come into contact with the melt and alloying elements. 
Mechanical properties
The increase in strength (TYS and UTS) with increasing amounts of Gd is mainly Using grain refining agents or an increase of the cooling rates would result in a much finer grains structure. With regard to the fact that in general a finer grain is improving strength without deteriorating ductility a further improvement of the tensile properties can be expected in further development of the alloys.
The reason for this behaviour is the different mode of loading in tension and compression. While porosity is affecting tension properties negatively and as well the calculation of the elastic modulus this is not the fact in compression. Under compression all pores will be closed first and will not lead to initial cracks and crack propagation. In fact pores are present in all castings 70 . Due to shrinkage during solidification and that feeding is not possible in all cases under standard solidification conditions microporosity is present.
K is increasing with the increasing amount of alloying elements. The differences between the alloys are significant. In contrast to K the statistical analysis of E shows no significant differences between the alloys. In general this has to be interpreted in a way that tensile tests can not be regarded as really reliable methods to determine these values. Similar observations have been reported frequently since more than 60 years especially for the Young's modulus of magnesium and its alloys [24] [25] [26] [27] 82 . Due to these observations it seems that E is not really constant. The Young's modulus is susceptible to the applied load, composition, internal stresses that occurred during manufacturing, and processing etc. In difference to these limitations of E it has not been reported that the Young's modulus of magnesium alloys is affected by heat treatments. As a conclusion it has to be said that especially the uncertainty in the determination of Young's modulus of magnesium and its alloys deserves additional effort in research to solve this problem in future.
Corrosion Behaviour
Both the determination of corrosion rates by eudiometer tests and weight loss gain in almost similar results. Therefore both methods have to be regarded as suitable and can be directly compared. Slight differences for Mg15Gd might be due to not complete removal of all corrosion products in the cleaning process and some not considered variations of temperature and pressure which influence the determination of the amount of hydrogen.
With an increasing amount of Gd up to 10 wt.-% the corrosion behaviour is improved.
This finding is also in agreement with investigations of Rokhlin 52 . For 15 wt.-% Gd a drastic increase in the corrosion rate is observed. Contrary to the other binary alloys
Mg15Gd has the smallest grain size. This also means that compared to the other binary alloys the fraction of grain boundaries is larger. Moreover the phase Mg 5 Gd can be found mainly on grain boundaries and has to be regarded as more noble compared to the matrix 83 . As a third observation the Ni content in the Mg15Gd is the highest that could be observed.
Recommendations for orthopaedic applications
All properties of the implant material and the implant design have to be chosen in relation to its use in the musculo-sceletal or the cardiovascular system of the human body. The selection of a suitable application has to be made first.
As a second step it is necessary to evaluate the biological environment. The implant material has to achieve certain degradation behaviour, strength under tension, compression, bending and torsion as well as fatigue values to assure the proper mechanical behaviour as well as to avoid e.g. stress shielding as much as possible when a material is used as a bone implant. All these factors are basically based on the microstructure. Microstructure formation is due to alloying elements and processing parameters. As a next step it is therefore recommended to select alloying elements in combination with a processing route that produces materials with a property profile that is as close to the bone in the area of application.
The selection of an application and the required properties is giving the frame for the design of implants. This is followed by alloying and the selection of appropriate processing to obtain a microstructure which determines the property profile in a first approach. As long as the target requirements are not reached alloy and process development in combination with testing the property profile, in vitro and in vivo behaviour needs to be repeated until the target requirements are reached.
Summary
The binary alloys analysed in this study are designated to be used as bone implants.
The tensile strength of cortical bone is related to the species, age, anatomical location and testing conditions. In general the property profile of the Mg- 
